Entry of reovirus virions has been well studied in several tissue culture systems. After attachment to junctional adhesion molecule A (JAM-A), virions undergo clathrin-mediated endocytosis followed by proteolytic disassembly of the capsid and penetration to the cytoplasm. However, during in vivo infection of the intestinal tract, and likely in the tumor microenvironment, capsid proteolysis (uncoating) is initiated extracellularly. We used multiple approaches to determine if uncoated reovirus particles, called intermediate subviral particles (ISVPs), enter cells by directly penetrating the limiting membrane or if they take advantage of endocytic pathways to establish productive infection. We found that entry and infection by reovirus ISVPs was inhibited by dynasore, an inhibitor of dynamin-dependent endocytosis, as well as by genistein and dominant-negative caveolin-1, which block caveolar endocytosis. Inhibition of caveolar endocytosis also reduced infection by reovirus virions. Extraction of membrane cholesterol with methyl-␤-cyclodextrin inhibited infection by virions but had no effect when infection was initiated with ISVPs. We found this pathway to be independent of both clathrin and caveolin. Together, these data suggest that reovirus virions can use both dynamin-dependent and dynamin-independent endocytic pathways during cell entry, and they reveal that reovirus ISVPs can take advantage of caveolar endocytosis to establish productive infection.
T o establish infection, viruses must bypass the limiting membrane either at the cell surface or through an intracellular compartment, such as the endosome. Enveloped viruses achieve this through membrane fusion mediated by envelope glycoproteins (26) . Viral membrane fusion can be triggered by receptor interactions at the plasma membrane or specific conditions within the endosome (27) . For example, the fusogenic activity of some envelope glycoproteins, such as the dengue virus glycoprotein E and the influenza virus hemagglutinin (HA) protein, is triggered by acid-dependent conformational changes (27) . Nonenveloped viruses are unable to take advantage of membrane fusion to enter cells and instead must disrupt or form pores in the limiting membrane. These processes may also be triggered by exposure to specific stimuli, such as low vesicular pH, proteases, or receptor interactions (83) .
Reovirus is a nonenveloped, double-stranded RNA virus in the family Reoviridae that commonly infects humans but is rarely pathogenic in adults (79) . The observation that reovirus replicates preferentially in transformed cells has led to its development as a human cancer therapy (2, 15) . It is likely that a number of virus and host determinants contribute to reovirus' oncolytic potential. Early studies proposed a model in which mutations in Ras inhibit antiviral protein kinase R (PKR) signaling and activate other signal transduction pathways to promote viral protein synthesis and apoptosis in reovirus-infected transformed cells (76) . More recent work from our laboratory and others revealed that efficient cell entry of reovirus particles into transformed cells is a major determinant of its oncolytic potential (2, 47, 71) .
The molecular details of reovirus entry have been best characterized in L929 mouse fibroblasts. In this cell line, entry is initiated by interactions between virions and the cellular receptor junctional adhesion molecule A (JAM-A), followed by the activation of ␤1 integrins and uptake of viral particles through clathrin-mediated endocytosis (6, 39, 43, 44) . Within vesicles of the endocytic compartment, the outermost capsid protein, 3, is removed by proteolysis and the membrane penetration protein 1 is exposed, generating an intermediate subviral particle (ISVP) (10, 37, 78) .
During oral infection in vivo, secreted pancreatic serine proteases in the intestinal tract remove 3 extracellularly to form ISVPs (8, 9) . ISVPs may also be formed extracellularly during oncolytic therapy, as tumor microenvironments are often characterized by a high concentration of secreted proteases (50, 75, 87) .
Virions and ISVPs have distinct protein compositions and structures that may affect the mechanism used to enter host cells. Although clathrin-mediated endocytosis plays a role during infection by virions, studies have shown that this pathway is dispensable for infection by ISVPs (44) . In addition, 1, which is exposed on ISVPs, can cause membrane damage and chromium release when cells are infected at high multiplicities of infection (MOIs) (41, 89) . This has led to the suggestion that ISVPs enter cells by direct membrane penetration. However, ISVPs have been detected within endocytic vesicles of infected cells (3, 78) , leaving open the possibility that ISVPs require endocytosis to establish productive infection. In addition, many viruses are now known to take advantage of multiple endocytic pathways to enter cells (16, 49, 62) . While it has been established that reovirus virions use clathrin-mediated endocytosis for cell entry (44) , the importance of other pathways, such as caveolar and lipid raft-mediated endocytosis, is currently unknown (12, 18, 21, 52, 67) . This led us to investigate the role of clathrin-independent endocytosis during infection by reovirus virions and ISVPs. We found that two different chemical agents which disrupt caveolar endocytosis inhibited particle uptake and replication of both virions and ISVPs. Experiments using dominant-negative caveolin-1 confirmed the role of caveolar endocytosis in infection by virions and ISVPs, and delayed-addition experiments revealed that inhibition of this pathway affected an early step of the viral life cycle. We also discovered that infection by virions was inhibited when cells were depleted of membrane cholesterol, but this effect was not observed when infections were initiated with ISVPs. These results provide some of the first evidence that reovirus ISVPs use endocytosis to productively infect host cells and that virions take advantage of multiple endocytic pathways to initiate infection.
MATERIALS AND METHODS

Cells and viruses.
Murine L929 fibroblasts were maintained in suspension culture as previously described (78) . A549 and 293 cells were maintained in RPMI medium (Gibco) supplemented to contain 10% fetal calf serum (Sigma), 50 U of penicillin/ml, 50 mg/ml streptomycin, and 2 mM glutamine.
Reovirus serotype 1 Lang (T1L) is a laboratory stock. Stocks were prepared by passage in L929 cells and purification as previously described (22) . Briefly, virions were purified by CsCl density gradient centrifugation from extracts of cells infected with third-passage cell lysate stocks. Bands corresponding to the density of reovirus were collected and extensively dialyzed against virion dialysis buffer (3 M NaCl, 200 mM MgCl 2 , 200 mM Tris, pH 7.5). Reovirus ISVPs were generated by incubating 1 ϫ 10 13 reovirus particles/ml with 200 g/ml chymotrypsin in virion dialysis buffer at 32°C for 30 min. Reactions were terminated using 1 mM phenylmethylsulfonyl fluoride (PMSF), and the particle concentration was calculated using the equivalence of 1 U of optical density at 260 nm to 2.1 ϫ 10 12 particles. Viral titer was determined by plaque assay on L929 cells as described elsewhere (84) .
Confocal imaging. A549 cells were plated in 8-well CultureSlides (BD Falcon) at a density of 7 ϫ 10 4 cells/well. Twenty-four hours after plating, cells were treated with vehicle or inhibitor as described above and equilibrated at 4°C for 30 min. To image particle uptake, reovirus virions or ISVPs in gelatin (gel) saline were adsorbed at a concentration of 1 ϫ 10 5 particles/cell at 4°C. After 1 h, warm medium with or without inhibitor was added to the cells. At 10 min postinfection (mpi), samples were fixed in 1.6% formaldehyde, permeabilized with 0.2% Triton X-100, and stained with Texas Red-labeled phalloidin (Invitrogen). Reovirus particles were detected using rabbit antiserum raised against reovirus T1L (Barbara Sherry, North Carolina State University) and DyLight 488-labeled donkey anti-rabbit antibodies (Jackson ImmunoResearch). To analyze the uptake of control ligands, Alexa Fluor 488-labeled transferrin (10 g/ml; Invitrogen) or fluorescein isothiocyanate (FITC)-labeled cholera toxin subunit B (10 g/ml; Sigma) in gel saline was adsorbed to cells at 4°C. After 1 h, warm medium with vehicle or inhibitor was added to the cells, and they were fixed 30 min later with 1.6% formaldehyde. Coverslips were mounted using Vectashield HardSet with 4=,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories).
Analysis of viral growth. Cells were treated with 100 M dynasore in dimethylsulfoxide (DMSO) (Sigma), 200 M genistein in DMSO (Sigma), or 5 mM methyl-␤-cyclodextrin (M␤CD) in water (Sigma) for 1.5 h and then infected with reovirus T1L virions or ISVPs at an MOI of 3. After 1 h of adsorption at 4°C, cells were concentrated by low-speed centrifugation, resuspended in fresh medium, and added to dram vials (2 ϫ 10 5 cells/vial) containing 1 ml of cold medium with vehicle or inhibitor. Cells were placed in a 37°C CO 2 incubator and subjected to three cycles of freezing and thawing at various times postinfection. Viral yields were determined by plaque assay on L929 cells as previously described (84) .
Reovirus cell-binding assay. L929 cells were incubated at a concentration of 2 ϫ 10 6 cells/ml with vehicle or inhibitor for 1.5 h at 37°C. Reovirus particles were then adsorbed at a concentration of 1 ϫ 10 5 particles/cell at 4°C for 1 h. Cells were washed with phosphate-buffered saline (PBS), collected by low-speed centrifugation, and fixed in 1.6% formaldehyde. Viral particles were detected with rabbit antiserum raised against reovirus T1L and counterstained with allophycocyanin (APC)-conjugated anti-rabbit antibodies (Jackson ImmunoResearch). Viral binding was assessed by flow cytometry using an LSR II flow cytometer (BD Biosciences) and analyzed with the FlowJo analysis software (Treestar).
Cell viability assay. L929 cells were plated in 6-well trays, and medium containing vehicle or inhibitor was added for 24 h. Monolayers were detached using Cellstripper (Cellgro), and cells were stained with annexin V-FITC and propidium iodide (PI) using the TACS apoptosis detection kit (Trevigen). Viability was quantified by flow cytometry using an LSR II flow cytometer, and data were analyzed using the FlowJo analysis software.
Expression of dominant-negative caveolin-1. A plasmid expressing dominant-negative caveolin-1 (DN-cav1) with the Y14F mutation (25) and the empty control vector (pEGFP-N1) were obtained from Mark McNiven (Mayo Institute). 293 cells were plated in 6-well trays and transfected with pEGFP-N1 control vector or DN-cav1 using Lipofectamine 2000 (Invitrogen) at a DNA (g)-to-Lipofectamine 2000 (l) ratio of 1:2.5. Twenty-four hours posttransfection, cells were infected with reovirus T1L at an MOI of 20. Monolayers were detached with Cellstripper at 24 h postinfection (hpi), and cell suspensions were fixed with 1.6% formaldehyde. Fixed cells were washed with PBS, permeabilized with 0.2% Triton X-100, and analyzed for the presence of reovirus antigens using rabbit antiserum directed against the reovirus nonstructural protein NS (Max Nibert, Harvard) and APC-labeled secondary antibody. Reovirusinfected cells were quantified by flow cytometry on an LSR II flow cytometer and analyzed with the FlowJo analysis software.
Immunoblot analysis of reovirus infection. Cell lysates were generated from L929 cells infected with reovirus at an MOI of 15. Lysates from the equivalent of 1 ϫ 10 6 cells were run on a sodium dodecyl sulfate (SDS)-10% polyacrylamide gel and transferred to nitrocellulose. Membranes were blocked overnight in Tris-buffered saline-0.05% Tween (TBST) containing 10% nonfat dry milk. Expression of the reovirus nonstructural protein NS was detected using rabbit antiserum, and ␤-actin expression was detected with a mouse monoclonal antibody (Santa Cruz Biotechnology). Membranes were washed with TBST and incubated with horseradish peroxidase-conjugated anti-rabbit IgG and anti-mouse IgG (GE Healthcare). Bound antibody was detected by treating the membranes with enhanced chemiluminescence detection reagents (Amersham). NS expression relative to ␤-actin and an untreated control was calculated using ImageJ analysis software.
Statistical analysis. Mean values for triplicate samples are shown from representative growth experiments; error bars indicate the standard errors of the means. For ligand uptake and dominant-negative caveolin-1 experiments, mean values for at least triplicate samples were compared using a paired (normalized) or unpaired (nonnormalized) Student's t tests. P values of Ͻ0.05 were considered statistically significant.
RESULTS
Reovirus ISVPs are internalized by dynamin-dependent endocytosis.
While it is well established that reovirus virions take advantage of clathrin-mediated endocytosis to enter cells, ISVPs do not appear to use this pathway (44) . Clathrin-independent endocytic pathways have been described, including caveolar endocytosis and macropinocytosis, and these are now known to play a role in the entry of some viruses (49, 72) . To investigate the possibility that reovirus ISVPs enter cells through clathrin-independent endocytosis, we first examined the role of dynamin during internalization of reovirus virions and ISVPs. Dynamin, which is involved in the scission of clathrin-coated vesicles and caveolae from the plasma membrane, can be inhibited with the small-molecule inhibitor dynasore (20, 42, 82, 88) . We used confocal microscopy to visualize reovirus particle uptake in A549 respiratory epithelial cells that had been pretreated with either vehicle (DMSO) or 100 M dynasore and then synchronously infected with either T1L virions or ISVPs. This cell line was selected because it is permissive to infection by both virions and ISVPs (24) and it has properties in adherent cell culture that made it easy to visualize particle uptake. Whereas vehicle-treated cells showed significant uptake of virions and ISVPs into the cytoplasm at 10 mpi, we found that particles were concentrated at the periphery of dynasore-treated cells (Fig.  1 ). The effect of dynasore on virion uptake is consistent with the role of dynamin in clathrin-mediated endocytosis, but the effect on ISVP internalization suggested that these uncoated particles also use a dynamin-dependent endocytic pathway to gain access to the cytoplasm.
Dynasore inhibits infection by ISVPs. The imaging experiments described above suggest that dynamin is required for the entry of ISVPs. However, this approach does not distinguish between infectious and noninfectious particles. To determine if dynamin is important for productive infection, we assessed the growth of ISVPs in the presence of dynasore. L929 cells treated with either DMSO or dynasore were infected with virions or ISVPs at an MOI of 3. Infections were terminated at various times, and viral yields were quantified by plaque assay on L929 cells. We found that dynasore treatment inhibited the growth of both virions ( Fig. 2A) and ISVPs (Fig. 2B) . Similar results were obtained from human A549 respiratory epithelial cells (Fig. 2C ) and human embryonic kidney (HEK) 293 cells (Fig. 2D) . These data suggest that ISVPs take advantage of a dynamin-dependent endocytic pathway to infect L929 mouse fibroblasts and transformed human cell lines.
The results of our imaging experiments suggest that dynasore inhibits replication by inhibiting viral uptake; however, they do not rule out another effect on later steps in the replication cycle.
To address this possibility, we performed a delayed-addition experiment in which dynasore was added at various times prior to or after adsorption. Cells were harvested at 24 hpi, and infection was analyzed by immunoblotting for the reovirus nonstructural protein NS. In cultures pretreated with dynasore, infection was inhibited by 90% (Fig. 2E) . In contrast, addition of dynasore after adsorption had a minimal effect on viral replication. This finding supports the conclusion drawn from our imaging studies, i.e., that dynasore inhibits reovirus replication at an early step of the viral life cycle. Agents that disrupt vesicular transport can alter receptor recycling to the cell surface (19) . To determine if the inhibitory effect of dynasore on reovirus infection was due to effects on virion attachment, we directly assessed the consequences of treatment on reovirus binding to L929 cells. Cells were pretreated with DMSO or dynasore, and virions were adsorbed for 1 h. The samples were then fixed and stained for reovirus, and binding was analyzed by flow cytometry. We found that vehicle-and dynasore-treated cells had similar fluorescence profiles after reovirus adsorption (Fig.  3A) , demonstrating that dynasore treatment does not result in reduced viral binding at the cell surface.
Our results suggested that, like virions, ISVPs enter cells through a dynamin-dependent pathway. To confirm that our working concentration of dynasore inhibited both of the known dynamin-dependent pathways, we used the pathway-specific ligands transferrin and cholera toxin subunit B (CTB), which are taken up by clathrin-mediated and caveolar endocytosis, respectively (31, 65) . Following dynasore treatment, A549 cells were incubated with prelabeled ligands and fixed at 10 mpi, and the transferrin-and CTB-positive cells were quantified by immunofluorescence. We found that the number of transferrin-and CTB-positive cells was significantly reduced in treated samples (Fig. 3B) , demonstrating that dynasore effectively inhibits both clathrin-mediated and caveolar endocytosis. To confirm that dynasore did not affect reovirus growth as a consequence of cytotoxicity, we determined viral yields in cells that were treated with increasing concentrations of the inhibitor. This analysis revealed that dynasore inhibition of reovirus infection was dose dependent, with a maximum effect that plateaued at a concentration of 100 M, our working concentration for particle uptake and growth experiments (Fig. 3C) . Annexin V and propidium iodide staining revealed that dynasore had only minimal effects on cell viability, with cells remaining over 80% viable at all concentrations tested (Fig. 3C) . Together, these results argue that the effect of dynasore on reovirus replication is a consequence of the inhibition of dynamin-dependent pathways rather than a nonspecific, cytotoxic effect of the inhibitor.
Virions and ISVPs can utilize caveolar endocytosis for cell entry. While ISVPs had reduced viral yields in dynasore-treated cells, they can infect cells treated with chlorpromazine, which inhibits clathrin-mediated endocytosis (44) . These results led us to predict that ISVPs would enter cells through dynamin-dependent, caveolar endocytosis, which has recently been implicated in the entry of avian reovirus (33) . To investigate this possibility, we (Fig. 4A ). This agent also inhibited the growth of reovirus virions (Fig. 4B) , suggesting that these particles are capable of accessing multiple endocytic pathways. Genistein inhibited the replication of both virions and ISVPs in A549 and HEK-293 cells (Fig. 4C) , and immunofluorescence analysis revealed that it inhibited particle uptake in A549 cells (W. S. Schulz and L. A. Schiff, unpublished observations). Consistent with published data (45), it inhibited infection by virions but not ISVPs in HeLa cells (Fig. 4D) .
Genistein blocks caveolar endocytosis by inhibiting the Src kinase-dependent phosphorylation of caveolin-1, preventing vesicle fusion (5, 60) . However, this tyrosine kinase inhibitor can affect other intracellular signal transduction pathways, including those involved in cell cycle progression and apoptosis (36, 58, 64) . We assessed the viability of genistein-treated L929 cells to determine if cell death was a factor in reducing viral yields. We found that after 24 h of treatment, genistein did not significantly affect L929 cell viability at any of the concentrations tested but did significantly reduce viral yield (Fig. 4E) , arguing against an apoptotic mechanism. We also confirmed that genistein selectively inhibited caveolar endocytosis by analyzing transferrin and CTB uptake in A549 cells. Whereas genistein inhibited CTB internalization, which is caveolin dependent, it had no effect on the clathrin-dependent uptake of transferrin (Fig. 4F) . To determine whether genistein targets an early stage in infection, we performed a delayed-addition experiment. In infected cells that were pretreated with genistein, NS expression was decreased by over 60% (Fig.  4G) . However, when genistein was added at or after adsorption, this effect was greatly diminished. This result is consistent with findings for HeLa cells (45) and suggests that genistein inhibits reovirus infection at an early step of the viral life cycle, most likely cell entry.
Caveolin-1 is important for infection by reovirus virions and ISVPs.
Because genistein is a broad-spectrum receptor tyrosine kinase inhibitor, we used an independent approach to determine if reovirus particles enter cells through the caveolar pathway. Caveolin-1 is a scaffolding protein involved in caveolar morphogenesis (19) . Expression of a dominant-negative form of the protein with a Y14F mutation has been shown to inhibit caveolar endocytosis (5, 25, 59 ). We transfected HEK-293 cells with either empty vector (pEGFP-N1) or vector expressing dominant-negative caveolin-1 (DN-cav1). Twenty-four hours after transfection, the cultures were infected with either virions or ISVPs. At 24 hpi, infected cultures were fixed and stained with an antiserum directed against the reovirus nonstructural protein NS, and reovirus-positive cells were quantified by flow cytometry. The percentage of GFP-positive (transfected) cells that were also NS positive (infected) was calculated for both DN-cav1-and pEGFP-N1-transfected samples in three independent experiments (Fig. 5 ). This analysis revealed that expression of DN-cav1 significantly reduced infection by reovirus virions and ISVPs relative to the vector-only control. This level of inhibition was similar to that seen with dominant-negative Rab proteins (46) . Together, these results support a role for caveolin-1 and caveolar endocytosis during infection by both virions and ISVPs.
Cholesterol is important for infection by reovirus virions. Recent work reveals that many viruses enter cells through specialized, detergent-resistant microdomains of the cell membrane, called lipid rafts (13, 21, 35, 52) . To determine if lipid rafts play a role in reovirus infection, we used M␤CD to extract membrane cholesterol. Since M␤CD can often be cytotoxic, we first assessed viability and viral growth in L929 cells treated with various concentrations of inhibitor. We found that M␤CD was cytotoxic at concentrations above 5 mM (Fig. 6A) . While the growth of reovirus virions was inhibited at this concentration, the replication of ISVPs was unaffected (Fig. 6A) . To determine if the replication of ISVPs was inhibited at later times of infection in M␤CD-treated cells, we performed a kinetic analysis. We found that the growth of ISVPs was similar in M␤CD-and vehicle-treated cells at each time point tested, while the growth of virions was inhibited (Fig. 6B and  C) . We examined reovirus binding in the presence of M␤CD to determine if cholesterol depletion had a differential effect on the capacity of virions and ISVPs to interact with cells. Reovirus virions or ISVPs were adsorbed to L929 cells that had been pretreated with either vehicle (water) or M␤CD to deplete cholesterol. After adsorption, the samples were fixed and stained with anti-reovirus antiserum and binding was analyzed by flow cytometry. We found no difference in the capacity of virions or ISVPs to bind to M␤CD-treated samples (Fig. 6D) . This finding argues that the growth defect seen after infection with virions is not due to decreased binding by these particles.
Cholesterol can play a critical role in viral assembly as well as viral entry (29) . To determine if M␤CD affects an early or late event in reovirus infection, we took advantage of the fact that its effect can be reversed by replenishing cholesterol after extraction (57) . L929 cells were pretreated with vehicle or M␤CD for 1.5 h prior to virus adsorption and cholesterol was added to selected samples, either at the time of adsorption or 30 min prior to adsorption. Viral protein expression was assessed at 24 hpi (Fig. 6E) . As expected, viral protein expression was significantly inhibited in M␤CD-treated cells that did not receive additional cholesterol. When cholesterol was added to the cultures at the time of virus adsorption, we saw a similarly low level of viral gene expression, but the inhibitory effect of M␤CD was diminished when cholesterol was added to the cultures 30 min prior to adsorption, consistent with an effect on early events of infection. Cholesterol depletion has been reported to affect multiple endocytic pathways (51, 66) . To better understand the role of cholesterol in reovirus replication, we tested whether M␤CD inhibited either of the classical dynamin-dependent pathways under our infection conditions. We found that M␤CD treatment did not affect the uptake of either transferrin (Fig. 6F) or CTB (Fig. 6G ) in A549 cells, suggesting that it inhibits the replication of reovirus virions by affecting a cholesterol-dependent, dynamin-independent pathway.
We considered the possibility that cholesterol is more important for infections by virions than ISVPs because it plays a direct role in the conversion of virions to ISVPs. To determine if cholesterol promotes ISVP formation, reovirus virions were incubated with cholesterol, chymotrypsin, or both at 32°C. At the indicated times, PMSF was added to inhibit chymotrypsin and particles were visualized by SDS-PAGE. We found that cholesterol had no effect on the formation of ISVPs in vitro, as proteolytic cleavage of the 1c protein to the ␦ fragment was not altered in the presence of cholesterol, and cholesterol alone did not promote ISVP formation (Fig. 6H) . Together, these results are consistent with a model in which cholesterol is important for an early, postbinding step in the reovirus life cycle.
DISCUSSION
Early work on reovirus cell entry showed that virion uncoating by endosomal proteases is an essential step of the viral life cycle (77) . This same study demonstrated the presence of both virions and ISVPs within endocytic vesicles at early times of infection. Although these particles appeared to be taken up by endocytosis with equivalent efficiency, it was not clear if endocytosis was a productive pathway for infection by ISVPs. Later studies showed that infection by reovirus virions, but not ISVPs, occurred by uptake through clathrin-mediated endocytosis (44) and that ISVPs could cause direct membrane damage (14, 41) . These data suggested that ISVPs may be capable of entering the cytoplasm directly at the cell membrane. In this study, we used two independent chemical inhibitors of caveolar endocytosis as well as dominant-negative caveolin to show that inhibition of the dy- namin-dependent caveolar pathway significantly reduces yields when infections are initiated with ISVPs.
We found that genistein treatment, which inhibits caveolar endocytosis by preventing vesicle fusion (5, 60) , inhibited infection by ISVPs in a number of different cell lines, including L929 mouse fibroblasts, A549 human lung epithelial cells, and 293 human embryonic kidney cells. Dynasore, which inhibits the scission of caveolae, also inhibited ISVP infection in these cells. However, we and others (45) have found that ISVPs are not sensitive to genistein treatment in HeLa cells. Since HeLa cells express very low levels of caveolin (74) , this result is not surprising. Reovirus can clearly infect cells that are devoid of caveolae, such as polarized intestinal epithelial cells (7, 56) . Because virions are converted to ISVPs in the intestinal tract (8, 9) , these data suggest that ISVPs enter intestinal tissue and cells with low levels of caveolar endocytosis through one or more alternative pathways, such as direct membrane penetration or dynamin-independent macropinocytosis, described recently as an entry pathway for Ebola virus (70) .
While we have not ruled out direct membrane penetration as an entry mechanism for ISVPs, we have demonstrated that caveolar endocytosis is a route for productive infection by these particles. The function of endocytosis during infection by virions is clear, as uncoating, an essential step in the reovirus life cycle, occurs within the endocytic compartment (78) . However, endocytic transport may provide other advantages to reovirus particles during infection, including transport to specific intracellular locations and removal of particles from the cell surface to avoid activation of the immune system (30, 48, 49) . Reovirus replication takes place within viral factories located in the perinuclear region of the infected cell (11, 54, 55) . Transport of ISVPs to this region is likely important, whether the infection is initiated by uncoated particles or virions that become uncoated in the endocytic pathway. Recent work has shown that reovirus virions need to traffic to late endosomes and that some particles are eventually delivered to lysosomes (46) . We detected particles in lysosomes when infections were initiated with either virions or ISVPs (W. S. Schulz and L. A. Schiff, unpublished). This result is consistent with data showing that both clathrin-mediated and caveolar pathways can traffic cargo to lysosomes (26, 28, 61) .
Our work suggests that reovirus virions, like adenovirus (4, 85) and influenza virus (17, 67, 73) , can enter cells by both dynamindependent and dynamin-independent endocytic pathways. Our experiments with pathway-specific ligands argue that multiple dynamin-dependent endocytic pathways and a dynamin-independent pathway function to promote reovirus infection in L929 and A549 cells. In these cell lines, one can demonstrate an effect on viral replication by inhibiting a single pathway; similar results have been reported in other viral systems (23, 40) . We showed that M␤CD, which extracts membrane cholesterol, inhibits the growth of reovirus virions. Because cholesterol has been implicated in caveolar endocytosis and agents such as M␤CD can also affect clathrin-mediated endocytosis at high concentrations (66), we analyzed the uptake of transferrin and cholera toxin subunit B, which depend on the clathrin-and caveolar dynamin-dependent endocytic pathways, respectively. Uptake of these ligands was unaffected by M␤CD, which demonstrates that both clathrin-mediated and caveolar pathways are functional and that the requirement for cholesterol in virion entry is not due to effects on clathrin-mediated or caveolar endocytosis. We also found that M␤CD treatment had no effect on the binding of reovirus virions or ISVPs to cells and that cholesterol did not promote ISVP formation in vitro. These results argue that differences in binding are not responsible for the growth defect seen after virion infection of M␤CD-treated cells and that cholesterol is not required for the conversion of virions to ISVPs. Together, these findings suggest that reovirus virions can access a lipid-dependent, dynamin-independent endocytic pathway to establish productive infection. Several such pathways have been described, including macropinocytosis (53) and the clathrin-independent carrier/glycosylphosphatidylinositol-anchored-protein-enriched endosomal compartment (CLIC/GEEC) pathway (38, 69) .
Our data demonstrate that reovirus virions and ISVPs use different endocytic pathways for entry. ISVPs enter cells through the caveolar pathway, whereas virions can access clathrin-dependent, caveolar-and dynamin-independent/lipid raft-dependent pathways. These differences may be the consequence of differential exposure of protein motifs on the surface of the two particle types. It has been suggested that exposed Arg-Gly-Asp (RGD) and LysGly-Glu (KGE) motifs on the 2 protein enable reovirus to recognize ␤1 integrins (43) . Because they are found on a vertex-associated core protein, these motifs would be present on both virions and ISVPs, and their presence cannot explain the differences we found in the entry of virions and ISVPs. Rotavirus, another member of the family Reoviridae, engages several integrins for attachment and internalization, including ␣2␤1 and ␣4␤1 (32). We analyzed reovirus capsid sequences for the presence of other potential integrin binding motifs. Our analysis revealed the presence of one such motif (IDSS) in the 3 protein, which matches the ␣4␤1 binding consensus L/I-D/E-V/S/T-P/S (34, 68) . Virion uncoating would lead to the removal of 3 and the loss of this motif from incoming particles, explaining how virions might activate the clathrin-dependent pathway through integrin binding while ISVPs would not. Reovirus is currently undergoing clinical trials as an oncolytic therapy (47, 76, 80, 81, 86) . Many recent trials have examined the efficacy of reovirus as a combination therapy with radiation and chemotherapeutic agents (81) . Understanding the cellular pathways used by virions and ISVPs for cell entry is critical to the rational design of combination therapies, because agents that affect critical entry pathways may reduce the efficiency of reovirus as an oncolytic agent. For example, the epidermal growth factor receptor (EGFR) is a target of several chemotherapeutics (63) . Inhibition of this receptor reduces caveolin-1 expression (1) and, interestingly, EGFR inhibition can also negatively affect reovirus replication in cell culture (77) . Thus, chemotherapeutic agents that target the EGFR might inhibit reovirus entry and infection in patients undergoing combination therapy. As entry is a critical determinant of reovirus oncolysis (2), learning how virions and ISVPs gain access to the cytoplasm is important for the continued development of reovirus as a human cancer treatment.
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